activation requires PKA-dependent phosphorylation of the R domain and ATP binding and hydrolysis at the NBDs (3, 6) . In addition, protein kinase C (PKC)-dependent phosphorylation of CFTR occurs at multiple sites and is required for full PKA-dependent activation of CFTR (5, 19) . It has been proposed that the requirement for ATP could allow CFTR to actively transport substrates across the plasma membrane (29) , although none have been identified, and/or afford coupling of CFTR activity to cellular metabolism (24) .
Studies in our laboratory first demonstrated that the metabolic-sensing kinase AMPK binds to the COOH-terminal tail of CFTR, phosphorylates CFTR in vitro, shares apical colocalization with CFTR in relevant epithelia, and inhibits CFTR Cl Ϫ channel activity in bronchial Calu-3 cells and colonic T84 cells, primarily through an inhibition of PKA-stimulated CFTR channel gating (11) (12) (13) . Work in oocytes suggested that CFTR inhibition by AMPK requires the presence of both the COOHterminal CFTR-binding sequence of AMPK-␣1 and an active kinase domain (13) . This direct interaction may efficiently target AMPK to CFTR and thereby enable the close coupling of CFTR to cellular metabolic status. Indeed, because AMPK activity is highly sensitive to metabolic fluctuations and other cellular stresses (15) , we have proposed that regulation by AMPK provides an exquisitely sensitive and efficient mechanism to couple the activity of CFTR and other membrane transport proteins to metabolic status and potentially other cellular stresses (9, 13) . Although AMPK can phosphorylate CFTR in vitro (13) , the relevant site(s) and functional consequences of AMPK-dependent phosphorylation in cells have not yet been established. Another area of uncertainty is whether or how AMPK is involved in the coordinated regulation of CFTR by PKA and PKC. It is also unclear whether AMPK plays a role in the regulation of CFTR under steady-state physiological conditions in the absence of perceptible metabolic stress.
This study was undertaken to further characterize the mechanisms of AMPK-dependent regulation of CFTR, both functionally and at a molecular level. Whole cell patch-clamp studies were performed in Calu-3 cells expressing endogenous CFTR and mutant forms of AMPK to assess the effects of AMPK on both basal CFTR activity and acute PKA-dependent stimulation of the channel. Cellular 32 P-orthophosphate labeling approaches were used to demonstrate AMPK-dependent phosphorylation of CFTR in vivo and assess whether AMPK may modulate PKA or PKC-dependent phosphorylation of the channel. Finally, mutation of candidate phosphorylation sites and in vitro phosphorylation assays were used to identify a dominant AMPK phosphorylation site within the R domain of CFTR that is required for AMPK-dependent CFTR inhibition.
MATERIALS AND METHODS
Reagents, chemicals, and cell culture. Reagents and chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Bronchial serous gland epithelial (Calu-3) cells and human embryonic kidney (HEK)-293 cells were maintained in culture as described previously (1, 2, 12) .
Whole cell patch-clamp studies. Calu-3 cell patch-clamp studies were performed essentially as described previously using an Axon 200A amplifier and PULSEϩPULSEFIT software (HEKA) (12) or using a HEKA EPC-10 amplifier and PatchMaster software (HEKA). Cells were plated on glass coverslips and then transiently transfected with bi-cistronic pTracer plasmid to express green fluorescent protein (GFP) and AMPK-␣1-K45R (kinase-dead, dominant-negative mutant; AMPK-DN), AMPK-␥1-R70Q (constitutively active mutant; AMPK-CA), or empty vector (12) . Whole cell patch clamping was performed on GFP-positive cells 1-3 days after transfection. Standard bath and pipette solutions used were as described previously (17) . The standard pipette solution also contained PKA catalytic subunit (200 U/ml; no. V5161, Promega) to activate CFTR upon break-in to whole cell mode. In additional experiments to assess basal CFTR-dependent whole cell conductance, PKA catalytic subunit was omitted from the pipette solution, and the specific CFTR blocker CFTR-Inh-172 (30 M; Calbiochem/EMD BioSciences) was added to the bath solution following break-in to whole cell mode. CFTR-dependent whole cell conductances were measured as the reduction in whole cell conductance after CFTR-Inh-172 treatment relative to that before treatment. Whole cell conductance was calculated as the slope at Ϫ20 mV of a fifth-order polynomial fit to the current-voltage (I-V) data at each time point and corrected for whole cell capacitance to give a normalized conductance (pS/pF), as previously described (12) .
In vivo phosphorylation studies. Flp-In T-REx HEK-293 cells (Invitrogen) stably transfected to express AMPK-DN in a tetracycline (Tet)-inducible fashion were used for in vivo phosphorylation studies (1) . Tet-dependent expression of the hemagglutinin (HA)-tagged AMPK-DN protein was detected by HA immunoblots. Modulation of cellular AMPK activity was quantitated using the in vitro synthetic AMPK substrate (SAMS) peptide AMPK activity assay performed on cell lysates (14) . AMPK-dependent in vivo phosphorylation of CFTR was performed essentially as described previously (1) . Cells were washed in phosphate-free efflux buffer and then labeled at 37°C with 0.5 mCi/ml 32 P-orthophosphate during a 5-h incubation with either 2 mM metformin to acutely activate AMPK in the uninduced cells or vehicle control in cells that were Tet-induced for 3 days (AMPK inhibited). For some experiments, activators of PKA [forskolin, IBMX, and chlorophenylthio (CPT)-cAMP] or PKC (PMA) were added during the last 30 min of the labeling period. After this incubation, cells were washed twice in ice-cold phosphate-free buffer before lysis in ice-cold RIPA buffer containing phosphatase and protease inhibitors. After lysis, CFTR was immunoprecipitated from cell lysates, eluted, and subjected to SDS-PAGE followed by transfer to a nitrocellulose membrane. Membranes were immunoblotted for CFTR, and enhanced chemiluminescence was quantified by a Versadoc Imager (Bio-Rad). The same membrane was then exposed to a phospho-screen for quantitation of 32 P incorporation into the CFTR band using a phospho-imager. After correction for background signal, the phosphorylation signal normalized to protein expression on the membrane was calculated and compared across conditions.
In vitro phosphorylation studies. HEK-293 cells were transiently transfected with wild-type and various CFTR mutant constructs cloned into pcDNA3.1 (Invitrogen). After expression for 2 days, CFTR was immunoprecipitated from cell lysates for in vitro phosphorylation experiments. Purified recombinant active (␣-T172D, ␤, ␥) or inactive (␣-D157A, ␤, ␥) AMPK holoenzyme [ϳ2 g; generous gift of Dr. D. Neumann (22) ] was added to a reaction mix containing immunoprecipitated CFTR and 10 -20 Ci [␥-32 P]-ATP at room temp for 60 min, and then the CFTR was washed, eluted, and subjected to SDS-PAGE followed by transfer to a nitrocellulose membrane. The 32 P incorporation into CFTR and CFTR protein expression was quantified as described in In vivo phosphorylation studies. The CFTR-10SA construct, which has 10 dominant PKA phosphorylation sites mutated to Ala (4), was subcloned from pNUT (generous gift from Dr. J. Riordan) into pcDNA3.1 for expression in HEK-293 cells. CFTR mutants were generated using the Stratagene QuikChange mutagenesis kit using either wild-type CFTR (CFTR-WT) or CFTR-10SA as a template for the reaction. All clones were confirmed by DNA sequencing.
Two-electrode voltage clamp. Surgical removal of oocytes from Xenopus laevis was performed using protocols approved by the University of Pittsburgh Institutional Animal Use and Care Committee. One day after harvesting, oocytes were injected with either wild-type CFTR or CFTR-S768A cRNA (1 ng). Oocytes were used 2-3 days postinjection for experiments, and either potassium gluconate (KG; 32 nl of 40 mM stock) as a control or the AMP-mimetic AMPK activator potassium 5-aminoimidazole-4-carboxamide ribonucleoside monophosphate (ZMP; 32 nl of 40 mM stock) was microinjected ϳ1-3 h before use as previously described (2) . To stimulate CFTR current, the PKA agonists forskolin (1 M) and IBMX (0.1 mM) were bath applied via perfusion manifold. The voltage commands used to evoke current were ramps from Ϫ20 to 60 mV as previously described (13) . Data were acquired via a Warner Instruments Oocyte Clamp amplifier (OC-725C), and a PC computer running Clampex 8.1.
Statistical analysis. Statistical analyses were performed using StatView (SAS) software. Analysis of variance (ANOVA) was used to compare data obtained from different batches of oocytes for two-electrode voltage-clamp (TEV) experiments. For other biochemical experiments, statistical analyses were performed using Student's t-tests, as described for each figure. In all cases, P Ͻ 0.05 was considered significant. Measurements are stated as means Ϯ SE.
RESULTS

Effects of AMPK mutants on resting and PKA-stimulated CFTR conductance.
To determine the effects of AMPK activity on baseline CFTR conductance and the acute stimulation of CFTR by PKA, whole cell patch-clamp measurements of CFTR conductance were performed on Calu-3 cells transiently transfected with constitutively active (␥1-R70Q; AMPK-CA) or dominant-negative (␣1-K45R; AMPK-DN) AMPK mutants, or with vector alone (vector) (Fig. 1) . The pipette solution contained PKA catalytic subunit, which, after break-in to whole cell mode at time 0, could then diffuse into the cells and activate CFTR conductance. Representative I-V and currenttime sweeps from before and after PKA stimulation in vectortransfected cells are shown (Fig. 1A) . Vector-transfected cells displayed an increase in whole cell conductance of Ͼ100% within 8 -10 min after break-in to whole cell mode (Fig. 1B) . In cells expressing AMPK-DN, the baseline conductance after breaking in was significantly greater than in control, suggesting that AMPK has a tonic level of activity under control conditions that inhibits CFTR. Indeed, the elevated basal whole cell conductance in AMPK-DN-expressing cells is largely attributable to CFTR, because additional experiments demonstrated greater reduction in basal whole cell conductance following treatment with the CFTR channel blocker CFTR-Inh-172 (30 M) in AMPK-DN-expressing cells as compared with vectortransfected cells (reduction of 2.75 Ϯ 0.74 nS vs. 0.87 Ϯ 0.44 nS, respectively; or % inhibition of the basal conductance by 76.4 Ϯ 12.2 vs. 41.4 Ϯ 8.1, respectively; P Ͻ 0.05, unpaired t-test, n ϭ 5-6 experiments for each condition). In the AMPK-DN-expressing cells, there was only slight further activation of CFTR with PKA stimulation to a level that was not significantly different from that measured in control cells. In cells expressing the AMPK-CA mutant, the ability of PKA to stimulate whole cell CFTR conductance was completely blocked, suggesting that chronic AMPK activation may render CFTR in a state where it can no longer become effectively activated by PKA acutely. This result is consistent with our earlier finding that chronic AMPK activation inhibited CFTR gating by stabilizing a channel-closed state of CFTR in these cells (12) . Alternatively, it is conceivable that AMPK activation could inhibit PKA-mediated phosphorylation of CFTR in vivo, thereby accounting for the inhibition (see below).
AMPK-dependent phosphorylation of CFTR in vivo.
Poor transfection/transduction efficiency makes it difficult to specifically modulate AMPK activity in a population of Calu-3 cells. Therefore, to test whether AMPK-dependent phosphorylation of CFTR occurs in cells, we developed HEK-293 cells that are stably transfected with AMPK-DN (␣1-K45R) under a Tetinducible promoter, and we transiently transfected CFTR into these cells 2 days before in vivo phosphorylation experiments. Control experiments demonstrated that uninduced cells do not express detectable AMPK-DN protein and that three days of Tet induction is optimal for protein expression ( Fig. 2A) . As measured by an in vitro SAMS peptide kinase assay performed on cell lysates (11), AMPK was acutely activated in uninduced cells by a 5-h treatment with the AMPK activator metformin (2 mM), an effect that was blocked in Tet-induced cells overexpressing AMPK-DN (Fig. 2B) . Moreover, AMPK activity was significantly inhibited in the Tet-induced cells relative to that of uninduced controls (Fig. 2B) . We used these conditions to produce a wide range of AMPK activities for in vivo phosphorylation studies by comparing in vivo 32 P incorporation into CFTR in cells that were Tet-induced for 3 days with that in metformin-treated uninduced cells. With cellular AMPK activation, CFTR phosphate labeling increased modestly, but reproducibly, by ϳ40% relative to baseline levels in AMPKinhibited cells (Fig. 3B) , indicating that significant AMPKdependent phosphorylation of CFTR occurs constitutively in vivo. The significant residual phosphorylation signal in the absence of AMPK activity likely represents CFTR phosphorylation by other kinases (e.g., PKA and PKC).
CFTR likely exists within a complex of closely associated proteins, including those involved in its PKA-and PKCmediated phosphorylation (17, 21) . PKA-mediated phosphorylation activates CFTR gating by destabilizing a closed channel state(s) (30) , whereas AMPK appears to inhibit CFTR gating by stabilizing a closed channel state(s), the opposite effect (12) . Also, constitutive PKC phosphorylation of CFTR is necessary for robust PKA-dependent CFTR activation (5, 19) . Thus, we considered the possibility that AMPK inhibits CFTR channel gating by either inhibiting the activity of these kinases or by specifically interfering with their phosphorylation of CFTR in vivo. To test whether modulation of endogenous AMPK activity significantly affects PKA-or PKC-dependent CFTR phosphorylation in vivo, we examined 32 P incorporation into CFTR after graded stimulation with low-, medium-, or high-dose agonists of PKA (forskolin, IBMX, and CPT-cAMP; Fig. 3C ) or PKC (PMA; Fig. 3D) , with AMPK either activated or inhibited. To enable results to be compared across experiments, CFTR phosphorylation levels were normalized to those in the presence of high-dose PKA or PKC agonist treatment with AMPK activated. CFTR phosphorylation was enhanced in a dose-dependent fashion with increasing concentrations of PKA agonists (Fig. 3C) or of PMA to increase PKC stimulation (Fig. 3D ) Notably, AMPK activity modulation had no significant effect on the degree of CFTR phosphorylation at any given stimulation level.
AMPK phosphorylation of CFTR in vitro.
To examine direct, AMPK-mediated phosphorylation of CFTR in vitro, highly purified, recombinant active (␣1-T172D, ␤1, ␥1) and kinasedead (␣1-D157A, ␤1, ␥1) mutants of human AMPK holoenzyme were used in vitro to phosphorylate either WT or mutant (10SA) CFTR in the presence of [␥-32 P]-ATP (Fig. 4B) . The ratio of the phosphorylation signal to the immunoblot signal in each lane was compared across conditions to derive relative phosphorylation levels for each condition (Fig. 4C) . Virtually no background phosphorylation occurred in the presence of inactive AMPK ("I"), suggesting that the 32 P labeling was specific for AMPK in this assay. Robust AMPK-dependent phosphorylation of CFTR-WT was observed (Fig. 4B, left) . To determine whether AMPK phosphorylation site(s) in CFTR overlap with known phosphorylation sites of other kinases (e.g., PKA), we compared CFTR-WT phosphorylation with that of a CFTR mutant harboring Ala mutations at 10 important PKA phosphorylation sites, CFTR-10SA (4). A substantial ϳ80% reduction in AMPK-dependent in vitro phosphorylation was observed in the CFTR-10SA mutant, suggesting that AMPK-dependent phosphorylation site(s) in CFTR overlap with those of PKA. Because the effect of AMPK is to inhibit CFTR, this result led us to speculate that AMPK phosphorylation might occur at one or both of two reported inhibitory PKA sites on CFTR, Ser737 or Ser768 (8, 27, 28) .
Ser768 is a major site of AMPK-dependent phosphorylation of CFTR in vitro.
Further experiments were undertaken to evaluate the specific sites of AMPK-dependent phosphorylation of CFTR. Because the functional effect of AMPK is to inhibit CFTR, and Ser737 and Ser768 have been described as "inhibitory" PKA phosphorylation sites (8, 27, 28) , we initially generated mutant full-length CFTR constructs with corresponding point mutations in a wild-type CFTR background, as well as revertants in the CFTR-10SA background, and cloned these into mammalian and oocyte expression vectors. These constructs were used to test whether AMPK phosphorylates CFTR in vitro at either of these two inhibitory PKA phosphorylation sites in the R domain (Fig. 4A) . AMPK-dependent phosphorylation of CFTR-S768A was substantially reduced (by ϳ70%) compared with that of wild-type CFTR, to levels similar to that of the CFTR-10SA mutant (Fig. 4, B and C) . Furthermore, when Ala at position 768 was mutated back to Ser in the 10SA background (CFTR-10SA-A768S), AMPKdependent phosphorylation of CFTR was largely restored. In contrast, AMPK-mediated phosphorylation was not restored in the CFTR-10SA-A737S mutant. These results strongly implicate that Ser768 is a major site of AMPK-dependent phosphorylation of CFTR in vitro. It was reported previously that CFTR-S768A exhibits a very high open probability, whereas the phospho-mimic Ser-to-Asp S768D CFTR mutant has a very low open probability relative to wild-type CFTR following PKA stimulation (8, 27, 28) . These findings are consistent with the idea that AMPK phosphorylation at this residue may cause inhibition of PKA-stimulated CFTR gating.
Mutation of Ser768 in CFTR prevents AMPK-dependent inhibition of CFTR following PKA stimulation. The relevance of Ser768 for AMPK modulation of CFTR activity was further investigated in TEV studies of Xenopus oocytes expressing either wild-type CFTR or CFTR-S768A. Whole cell conductance was measured before and after stimulation with 1 M forskolin ϩ 100 M IBMX in oocytes that had been injected 1-3 h before TEV measurements with either an AMPK activator (ZMP) or a control solution (KG) ( Table 1 and Fig. 5A ). Previous work indicates that AMPK is endogenously expressed in Xenopus oocytes, because overexpression of the dominantnegative AMPK-␣1-K45R mutant in oocytes blocked the ZMP-mediated inhibition of epithelial Na ϩ channel current (2) . A substantial ϳ50% decrease in peak CFTR-WT conductance was observed in ZMP-injected oocytes compared with KGinjected controls (P Ͻ 0.01; Fig. 5B ). Peak currents following stimulation with PKA agonists were significantly greater in oocytes expressing CFTR-S768A than in those expressing CFTR-WT, consistent with previous results (8) . Of note, ZMP was without effect on the peak conductance of oocytes expressing CFTR-S768A, suggesting that this mutant is resistant to Fig. 4 . In vitro phosphorylation of CFTR-wild type (WT) and various mutants by purified active (A) vs. inactive (I) AMPK holoenzyme. A: schematic representation of the CFTR-10SA construct with the two inhibitory residues shaded black. NBD1, nucleotide-binding domain 1; R domain, regulatory domain. B: representative phospho-screen images and corresponding Western blots of the various CFTR mutants. The WT and S768A images shown are from a different membrane than the rest of the mutants shown. C: in vitro phosphorylation, corrected for CFTR protein expression and normalized to that of CFTR-WT (*P Ͻ 0.01, unpaired t-tests compared with the S768A, 10SA, and 10SA-A737S mutants; n ϭ 4 -6 separate experiments). There were no significant differences in phosphorylation intensity among the S768A, 10SA, and 10SA-A737S mutants (P Ͼ 0.10, unpaired t-tests). However, the phosphorylation intensities of all three of these mutants were dramatically reduced when compared with either WT or the 10SA-A768S mutant (P Ͻ 0.01 for all comparisons, unpaired t-tests). Thus, the Ser768 site appears to be the only relevant one among the 10 sites for AMPK phosphorylation in vitro.
AMPK-dependent gating inhibition. In addition, baseline, unstimulated CFTR conductances were enhanced by approximately fivefold in oocytes expressing CFTR-S768A (Fig. 5C ), suggesting that CFTR-WT conductance is tonically inhibited in oocytes by Ser768 phosphorylation. Taken together, these results suggest that AMPK-dependent phosphorylation at Ser768 is necessary for its regulation of CFTR activity.
DISCUSSION
In this study we focused on defining the mechanisms underlying CFTR regulation by the metabolic-sensing kinase AMPK. We found that bronchial Calu-3 cells expressing dominant-negative AMPK have substantially elevated baseline CFTR-dependent whole cell conductance relative to controls before any exogenous PKA stimulation of the channel (Fig. 1) . This intriguing result suggests that there is tonic inhibition of CFTR by AMPK in the absence of any perceptible metabolic stress in these cells. Conversely, PKA stimulation of CFTR conductance was fully blocked in Calu-3 cells expressing a constitutively active form of AMPK (Fig. 1) . We previously showed that CFTR is a target for AMPK-mediated phosphorylation in vitro (13) . Here, using inducible expression of mutant AMPK to modulate AMPK activity in HEK-293 cells, we have demonstrated AMPK-dependent phosphorylation of CFTR in vivo (Figs. 2 and 3) . Importantly, in vivo CFTR phosphorylation by graded doses of either PKA or PKC agonists was not affected by AMPK activity modulation, indicating that AMPK modulation of CFTR channel activity is not mediated by alterations of the ability of either of these two . A significant decrease in relative peak conductance was observed for ZMP-injected, CFTR-WT-expressing oocytes (*P Ͻ 0.01) but not for ZMP-injected CFTR-S768A-expressing oocytes. C: mean (Ϯ SE) starting conductances for the four experimental conditions relative to the mean KG-injected, CFTR-WT peak conductance for that experimental day and batch. CFTR-S768A-expressing oocytes had a dramatically elevated prestimulation starting conductance relative to that of CFTR-WT-expressing oocytes. There was also a ϳ40 -50% decrease in starting conductance of CFTR-WT-expressing oocytes injected with ZMP versus KG (#P Ͻ 0.05), whereas there was no difference in starting conductance between the two conditions for CFTR-S768A-expressing oocytes. Values are means Ϯ SE of whole cell two-electrode voltage clamp conductances measured before and at the peak after infusion of 1 M forskolin and 100 M IBMX. Data are derived from measurements on 21-23 individual oocytes (from 5 separate batches) for each condition performed 2-3 days following cRNA injection and 1-3 h after injection of potassium gluconate (KG) or 5-aminoimidazole-4-carboxamide ribonucleoside monophosphate (ZMP). WT, wild type. kinases to phosphorylate CFTR (Fig. 3) . Taken together, these results suggest that cellular AMPK activity and AMPK-dependent phosphorylation of CFTR renders the channel in a state or conformation that is resistant to gating activation by PKA phosphorylation.
Our in vitro phosphorylation assays using wild-type and various mutants of CFTR demonstrated that Ser768 is a major AMPK phosphorylation site in CFTR (Fig. 4) . Of note, this is a previously described "inhibitory" PKA phosphorylation site in the R domain of CFTR (8, 27, 28) . The amino acid sequence in the vicinity of this site conforms reasonably well to the loose substrate recognition motif reported for AMPK (ISVISTGPTLQARRRQSVLNL; where S is the phosphorylated residue, basic residues are present at the P-3 and P-4 positions, and hydrophobic residues are present at the Pϩ4, P-7, P-13, and P-16 positions) (16) . Consistent with previous observations (8), we found that mutation of this site to Ala (S768A) greatly enhanced baseline, unstimulated conductance of CFTR expressed in Xenopus oocytes, and it reduced the relative activation of CFTR by PKA agonists (Fig. 5) . The apparent constitutive activation of CFTR-S768A is reminiscent of that observed for CFTR-WT in cells with AMPK activity inhibited by overexpression of AMPK-DN (Fig. 1 ). These observations suggest that AMPK tonically inhibits CFTR in the absence of PKA stimulation via AMPK-dependent phosphorylation of CFTR at Ser768. The importance of AMPK phosphorylation at Ser768 is further demonstrated by the observation that whereas PKA stimulation of CFTR-WT conductance was inhibited by the AMPK activator ZMP, PKA stimulation of CFTR-S768A was insensitive to ZMP. Thus, AMPK-dependent phosphorylation at Ser768 appears to be necessary for AMPK regulation of CFTR activity.
Although AMPK phosphorylation at Ser768 appears to be necessary, it is unlikely to be sufficient by itself to account for AMPK-dependent inhibition of CFTR. Of note, PKA can and likely does phosphorylate CFTR at Ser768 (8) , yet the overall effect of PKA by itself is to activate CFTR gating. Therefore, there may be additional factors involved in the AMPK-CFTR regulatory interaction [e.g., accessory proteins and/or AMPKdependent phosphorylation of other site(s) on CFTR or other proteins]. Indeed, a residual AMPK-mediated phosphorylation of 25-30% was observed in CFTR-S768A (Fig. 4) , suggesting that other AMPK phosphorylation sites in CFTR may exist. An additional accessory or regulatory protein that might help mediate the AMPK-dependent inhibition of CFTR is the nucleoside diphosphate kinase A, which has been reported to associate with AMPK and CFTR (26a).
As this manuscript was in the final stages of preparation, another study reached similar conclusions regarding CFTR regulation by AMPK and the importance of AMPK-dependent phosphorylation of Ser768 in this mechanism (20) . Our results extend the findings of this recent study, which used pharmacological approaches to modulate AMPK activity in Xenopus oocytes. Here we have demonstrated, through expression of dominant-negative or activating AMPK mutants, that AMPK exerts an important inhibitory role on CFTR activity. This AMPK-dependent inhibition of CFTR can occur both tonically and during acute stimulation by PKA agonists in an endogenous CFTR-expressing epithelial cell line (Fig. 1) . In contrast to the findings of Kongsuphol et al. (20) , however, our results do not implicate AMPK-dependent phosphorylation of the other R domain PKA "inhibitory" site, Ser737. This difference may result from the fact that we have examined AMPKdependent phosphorylation in the context of full-length CFTR, rather than with an isolated R domain construct, as in Ref. 20 . Moreover, our results indicate for the first time that AMPKdependent in vivo phosphorylation of CFTR occurs in intact cells, and furthermore that AMPK activity modulation does not affect the ability of either PKA or PKC to phosphorylate CFTR. Rather, AMPK appears to inhibit the ability of PKA phosphorylation to have its normal functional effects on channel gating. These findings suggest an antagonistic relationship between AMPK and PKA with respect to CFTR function. Of note, additional regulatory relationships between PKA and AMPK function have been reported. For example, cAMPdependent signaling pathways can regulate AMPK activity via phosphorylation of the catalytic ␣-subunit (18) . In addition, we have recently found that AMPK activation inhibits the cAMP/ PKA-dependent accumulation of the vacuolar H ϩ -ATPase at the apical membrane of epididymal clear cells (10, 23) .
AMPK may be important in regulating CFTR not only under conditions of cellular metabolic stress, but also during normal physiological situations. Specifically, our observation that AMPK exerts effects that prevent tonic CFTR activation under normal conditions (Fig. 1) suggests that AMPK may play an important role in limiting CFTR activity in the absence of PKA and other agonist stimulation. Indeed, these data suggest that AMPK, rather than PKA, may be the physiologically relevant kinase that phosphorylates Ser768 in CFTR in vivo under resting conditions. A better understanding of the roles of AMPK under physiological versus pathological conditions in regulating CFTR function is an important goal for further study. As previously suggested (8) , inhibitory phosphorylation at Ser768 may ensure activation of CFTR by strong signals while dampening its response to weak signals, thereby improving the signal-to-noise ratio in the PKA stimulation pathway.
